and 7 factors, we have synthesized five peptides that are homologous to the corresponding sequence from the porcine or rat carboxyl-terminal region. Binding studies with the synthetic peptides suggest that amino acid residues 434-440 of ,Btubulin are crucial for the interaction of MAP2 and 7 factors.
12-I-labeled MAP2 or 125I-labeled 7 factors to 60 peptides derived from porcine a-and fi-tubulin. MAP2 and x' factors specifically interacted with two peptides derived from the carboxyl-terminal region of fi-tubulin, which are located between positions 392-445 and 416-445. In addition, there is a distinct x-binding site at the amino-terminal region of a-tubulin. Tfactors but not MAP2 displayed strong interaction with a peptide derived from the amino-terminal domain of a-tubulin between positions 1 and 75. To narrow down the location of the .3-tubulin binding site that is common to MAP2 and 7 factors, we have synthesized five peptides that are homologous to the corresponding sequence from the porcine or rat carboxyl-terminal region. Binding studies with the synthetic peptides suggest that amino acid residues 434-440 of ,Btubulin are crucial for the interaction of MAP2 and 7 factors.
Microtubules are involved in a number of cellular processes, such as chromosomal movement, cell migration, intracellular transport, formation of cell shape, and secretion (1, 2) . The major protein constituent of microtubules is tubulin, which is a heterodimer composed of a-and P-subunits, each having a molecular mass of 50 kDa (3) (4) (5) . In addition to tubulin, microtubules contain a heterogeneous class of proteins, known as microtubule-associated proteins (MAPs) , which copolymerize with tubulin and have been shown to be potent promoters of tubulin assembly in vitro. The diversity of microtubule functions has stimulated the idea that not all microtubules are alike and that different microtubules with distinct functions are present in different cells and even within a single cell. This may result from the assembly of microtubules from different isotubulin and MAP forms. Thus, brain a-and 8-tubulins display extensive microheterogeneity when compared with tubulin from other tissues (6, 7). Brain microtubules are particularly rich in the variety of MAPs they contain and >20 distinct polypeptide bands have been identified by polyacrylamide gel electrophoresis (8, 9) . The best-studied brain MAPs are the high molecular mass MAPs termed MAP1 (350 kDa) and MAP2 (270 kDa) (10, 11) and, more recently, MAP3 (180 kDa) and MAP4 (220 kDa) (12, 13) as well as a number of proteins in the molecular mass range of 48-62 kDa, known collectively as 7 proteins (14) . Although MAP2 and 7 factors appear to be differentially compartmentalized in individual cells, they can compete in vitro for the same binding sites on microtubules (15, 16) . It also appears that in living cells the microtubule binding sites for MAP2 are conserved regardless of the presence or absence of this protein in the cells (17) . Several reports have suggested that the highly charged carboxyl-terminal region of tubulin (3, 4) may be involved in the binding of both MAP2 and r factors (18) (19) (20) (21) (22) (23) (10 international units/ml), pancreatic RNase (100 ,g/ml), and pancreatic DNase (100 ,ug/ml). The extracts were centrifuged at 100,000 x g for 60 min. Microtubule proteins were purified by two cycles of assembly and disassembly in the presence of 4 M glycerol and 1 mM GTP (24) . Tubulin was isolated by phosphocellulose column chromatography (PC tubulin) (14) . Heat-stable MAPs were prepared from microtubule pellets (25) (26) obtained from Amersham. The 125I-labeled protein solutions were passed through Sephadex G-100 columns equilibrated with buffer A containing 1% bovine serum albumin and eluted with the same buffer.
Preparation of Peptides. Porcine brain a-and P3-tubulin were cleaved with cyanogen bromide, trypsin, mouse submaxillary gland protease, and Pseudomonas fragi protease (3, 4) . The peptides were separated by reversedphase high-pressure liquid chromatography and characterized by amino acid composition and sequence analyses (27) . The concentrations were calculated from these analyses. Peptide synthesis was carried out by the solid-phase method according to Merrifield (28) . The synthesized peptides were purified by gel filtration thrugh Sephadex G-25 (fine) column equilibrated in 10% acetic acid or in 0.01 M HCl. The peptide-containing fractions were lyophilized and then dissolved in 0.01 M HCL. Composition tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. were spotted on a nitrocellulose membrane and then air-dried. The membrane was soaked in buffer A containing 3% bovine serum albumin for 30 min at room temperature with gentle shaking. The buffer was removed and the membrane was incubated with buffer A containing 3% bovine serum albumin, 1 mM GTP, and '"I-MAPs (1-3 x 106 cpm/ml) for 60 min at room temperature with gentle shaking. The membrane was washed twice for 30 min each with buffer A containing 3% bovine serum albumin, air-dried, and subjected to autoradiography.
RESULTS
Identification of Specific Tubulin Binding Sites to MAPs. Analysis of 1251-MAP2 and T fractions by gel electrophoresis indicated a complete separation ofthe two groups ofproteins. The MAP2 fraction displayed several additional high molecular mass bands, which are the products of limited endogenous proteolysis (9) , while the major r band had an apparent molecular mass of 52 kDa. A specific binding assay of '251-MAPs to tubulin immobilized on nitrocellulose membrane was developed. The specificity of the assay was examined in preliminary experiments in which tubulin or crude rat brain extracts were subjected to gel electrophoresis and then transferred by blotting onto nitrocellulose membrane. The nitrocellulose membrane was incubated with 125I-MAP2 or T proteins and after washing, the dried membrane was subjected to autoradiography. The 125I-MAPs were mainly found to bind to tubulin, while the other brain proteins were almost unlabeled (Fig. 1) .
A similar procedure was applied to examine the binding of 125I-MAPs to tubulin peptides attached to nitrocellulose membrane. Initial experiments showed that only a few peptides were capable of binding strongly to the 125I-MAPs.
The above results encouraged us to assay the binding properties of the isolated 1251-MAP2 and '25I-labeled T proteins to a series of peptides. Fig. 2a E7 served as a blank. At E8, E9, and E10, increasing amounts of tubulin were applied (0.05, 0.10, and 0. 15 (Fig. 2b) . The showed strong interaction with a peptide from the aminoterminal region of a-tubulin, al-75 ( Fig. 2b, C4 ; Fig. 3 , Gl; Fig. 4, J1-J3) . In contrast to al-75, two peptides derived from sequence positions a2-36 ( Fig. 2b, Al; Fig. 3, G2 ) and a39-75 (Fig. 3, G3 ) displayed only weak binding. Weak binding was also found for , (Fig. 2b, E2 ) and ,298-306 (Fig. 2b, D2 and D4 ). a-Tubulin peptide 314-377 showed inconsistent results. Thus, in some experiments it showed strong or intermediate attachment to "25I-labeled T factors ( Fig. 2b, A5; Fig. 3, G4 ), while in others weak binding was observed (Fig. 4, J4-J6) . Similarly, 13-tubulin peptide showed weak binding in experiments depicted in Fig. 2b (ES) , and in several other experiments it showed intermediate or strong binding, including those depicted in Fig. 4 (L1-L3) . As Porcine a-Tubulin 
DISCUSSION
The data presented in this study demonstrate that a common binding site for MAP2 and r factors is located at the carboxyl-terminal region of 3tubulin. There is, however, another T binding site at the amino-terminal region of atubulin. In addition, several fragments derived from a-and , 8- proteins. In addition, it is possible that the cleavage of the protein caused the inactivation of some potential binding sites. This possibility is supported by the observation of strong binding of r to al-75, while it bound only weakly to a2-36 and not at all to a39-75. Evidence from other groups indicated that the carboxyl-terminal regions of both a-and /3-tubulin are involved in the binding to MAP2. Protection of a-subunit and 1-subunit against subtilisin digestion has been observed when proteolysis was performed in the presence of added MAP2 (21, 22, 35) . Thus the carboxyl-terminal region of tubulin appears to serve as a regulatory domain in the polymerization of microtubules.
The binding experiments with the synthetic peptides would indicate that amino acid residues 434-440 of p-tubulin are crucial for the binding of MAP2 and rfactors. This suggestion is unexpected since a peptide derived from a-tubulin residues 403-450 showed a weak binding (Fig. 3, location H3) , and a-tubulin peptide 424-450 was inactive (Fig. 2, location C3 ; Fig. 4, location K4-K6) . These a-tubulin-derived peptides contain the amino acid sequence G E G E E E G E E at positions 442-450 that is very similar to the sequence G E F E E E G E E found in porcine 13-tubulin at positions 434-442 and G E F E E E E G E in rat p-tubulin (Fig. 6 ). It is noteworthy that the adjacent sequences toward the aminoterminal end of the a-and P-subunits are completely different. This may suggest that the sequences preceding this acidic region modify its binding properties to MAPs. It would therefore appear that the synthesis of more peptides homologous to the carboxyl-terminal region may widen our understanding of the modulation of the properties of the MAP binding sites.
